In this study the characterization of Geoalkalibacter subterraneus is presented, a novel 11 halophilic anode respiring bacteria (ARB) previously selected and identified in a 12 potentiostically controlled bioelectrochemical system (BES) inoculated with sediments from a 13 salt plant. Pure culture electroactive biofilms of Glk. subterraneus were grown during 14 chronoamperometric batch experiments at a graphite electrode poised at +200 mV (vs. SCE) 15 with 10 mM acetate as electron donor. These biofilms exhibited the highest current density 16 (4.68 ± 0.54 A/m 2 ) reported on a planar material with a pure culture under saline conditions 17 (3.5% NaCl). To investigate possible anodic electron transfer (ET) mechanisms, cyclic 18 voltammetry (CV) of mature visible apparent reddish biofilms was performed under 19 bioelectrocatalytic substrate consumption (turnover) and in absence of substrate (non-20 turnover). CV evidenced a well defined typical sigmoidal shape and a pair of clear redox 21 couples under turnover and non-turnover conditions, respectively. Moreover, the calculation 22 of their formal potentials indicated the presence of a common ET mechanism present in both 23
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In this study the characterization of Geoalkalibacter subterraneus is presented, a novel 11 halophilic anode respiring bacteria (ARB) previously selected and identified in a 12 potentiostically controlled bioelectrochemical system (BES) inoculated with sediments from a 13 salt plant. Pure culture electroactive biofilms of Glk. subterraneus were grown during 14 chronoamperometric batch experiments at a graphite electrode poised at +200 mV (vs. SCE) 15 with 10 mM acetate as electron donor. These biofilms exhibited the highest current density 16 (4.68 ± 0.54 A/m 2 ) reported on a planar material with a pure culture under saline conditions 17 (3.5% NaCl). To investigate possible anodic electron transfer (ET) mechanisms, cyclic 18 voltammetry (CV) of mature visible apparent reddish biofilms was performed under 19 bioelectrocatalytic substrate consumption (turnover) and in absence of substrate (non-20 turnover) . CV evidenced a well defined typical sigmoidal shape and a pair of clear redox 21 couples under turnover and non-turnover conditions, respectively. Moreover, the calculation 22 of their formal potentials indicated the presence of a common ET mechanism present in both 23 CV conditions between -427.6 ± 0.5 (E f,2 ) and -364.8 ± 4.5 mV (E f,3 ). Confocal laser scanning 24 microscopy inspection showed a biofilm structure composed of several layers of 25 metabolically active bacteria that spread all over the electrode material within a biofilm up to 26 76 ± 7 μm thick. Such value, high for the thickness normally reported in the literature for pure 27 culture electroactive bacteria justifies further investigations. Taken together, these results 28 suggest that Glk. subterraneus performs a direct ET mechanism in contact with the electrode 29 material. Furthermore, direct current generation from saline wastewaters significantly expands 30 the application of BESs. 31
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Introduction 32
Bioelectrochemical systems (BESs) are a group of technologies derived from the bidirectional 33 electron transfer (ET) interactions between microorganisms and electrode materials 1 . More 34 specifically: 1) the harvest of electrons from the oxidation of a substrate and their further 35 transfer to an electrode (e.g., for the direct production of electricity 2 ) and 2) the uptake of 36 electrons from the electrode material to reduce a substrate for the production of valuable 37 industrial products such as hydrogen gas 3 , sodium hydroxide or acetate 4 . Up to now, two main 38 microbial ET mechanisms have been extensively described: direct electron transfer (DET) and 39 mediated electron transfer (MET). Whereas in DET bacteria need to be in direct contact with 40 the electrode material to release/accept electrons via c-type cytochromes 5 , in MET bacteria 41 are capable of releasing/accepting electrons via self produced redox mediator molecules such 42 as flavins 6 or phenazines 7 (among others [8] [9] [10] [11] ). Although microbial ET mechanisms in BESs 43 have been extensively studied in two model bacteria families such as Geobacteraceae and 44
Shewanaellaceae
1 , there are many other bacteria capable of donating/accepting electrons 45 to/from an electrode (see Table S1 ). 46
While members of the Geobacteraceae family are capable of performing a DET mechanism, 47 with significant current densities (up to 9 A/m 2 ) 12 and forming thick biofilms (about 50 um 13-48 18 ) in freshwater environments, Shewanaellaceae is capable of performing both DET and 49 MET mechanisms. Interestingly, Shewanaellaceae produces very low current densities 19 , 50 likely due to their limitation to form thin-monolayer biofilms on the electrode surface 20, 21 . 51
Although their ET mechanisms are extensively understood, there is still a great interest to 52 identify and characterize other bacteria capable of forming electroactive biofilms and 53 producing significant current densities since they can aid to comprehend more precisely how 54 ET occurs through different microbial species 22, 23 . Furthermore, direct current generation 55 from saline wastewaters as the ones produced in the sea-food, petroleum and leather 56 industries could significantly broad the application of BESs. 57
For the characterization of electroactive bacteria diverse techniques are available. -4 -As denoted in Fig. 1 , approximately after 24 h of poising the working electrode immersed in 81 the growth medium, the electrochemical cell was inoculated and it took around 24 more hours 82 for biofilm growth to begin. This was illustrated as an exponential-like current production 83 trend, characteristic of ARB able to produce high currents and thick biofilms 27-29 (see Table  84 S1). Fig. 1 shows that at day six of incubation, the current density peaked a maximum value 85 (j max ) of about 5.7 A/m 2 . This value establishes the highest current density produced by an 86 ARB pure culture under saline conditions (3.5% NaCl) 30 . 87
When comparing j max by pure culture biofilms of Glk., our results are consistent with previous 88 observations in our group for biofilms enriched with Geoalkalibacter in potentiostically 89 controlled BESs inoculated with sediments from a salt plant (j max : 4.5 to 8.5 A/m 2 ) 31 . 90 Furthermore, our results corroborate as well those of a recent publication by Miceli et al., 91 (2012) 32 showing Geoalkalibacter dominated biofilms derived from environmental anaerobic 92 samples (j max : 4.2 and 8.9 A/m 2 ). Similarly, Badalamenti et al. (2013) 30 reported the 93 electrochemical performance of Glk. subterraneus grown on graphite rod electrodes under 94 lower saline conditions (1.7% NaCl). They showed also a significant high j max (3.3 A/m 2 ) but 95 lower than the one reported here (5.7 A/m 2 ). One reason why current densities reported here 96 were higher, could be the discrepancy between their and our experimental procedures (see 97 in our experiments a lower concentration of electron donor (10 mM sodium acetate) generated 101 higher current densities. A finding not totally consistent with literature data, since it has been 102 extensively demonstrated that the current density augments by increasing the concentration of 103 substrate until saturation kinetics 35, 36 . 104
After the maximum current density was reached, a period of a stable current production was 105 observed at 4.68 ± 0.54 A/m 2 (when both reproducible replicates are considered for the 106 calculation, see Fig. S1 ). In between, CA was stopped and turnover CV was performed as 107 indicated in the Experimental section. Around day nine, CA showed a sudden current 108 decrease due to substrate exhaustion as confirmed at the end of the cycle by metabolite 109 analysis. The conversion of substrate into current as coulombic efficiency (CE) In several studies where electroactive bacteria are characterized as a pure culture, it has been 120 usually found that in further batch CA cycles performed by media replenishment, the current 121 recovers or exceeds its previous value [38] [39] [40] [41] [42] [43] [44] . As seen in Fig. 1 , the current density did not 122 recover its previous value after the substrate depleted media was replenished at the end of the 123 first and second CA semi-batch cycles. On the other side, the immediate production of current 124 can be considered a proof of bacteria's ability to convert the supplied substrate into current 125 instead of using it for biosynthesis 45 . Therefore, this points out a possible direct electron 126 transfer (DET) mechanism 23 . 127
A similar phenomenon where current density does not recover its previous value was also 128 observed elsewhere 22, 30, [46] [47] [48] [49] [50] [51] [52] . A possible explanation could be that the presence of a substance 129 (or substances) produced in the previous CA cycle is required to achieve previous similar 130 performance, hence hindering the biofilm to produce as much current density as in the 131 previous CA cycle. 132
Comparison of Geoalkalibacter subterraneus and Geobacter sulfurreducens in terms 133
of chronoamperometric current density production 134
To conduct an accurate comparison of the performance of Glk. subterraneus, parallel 135 electrochemical experiments were carried out with the extensively well characterized 12, [53] [54] [55] [56] [57] [58] [59] [60] 136 model bacteria Geobacter sulfurreducens (hereafter, Gb. sulfurreducens). Gb. sulfurreducens 137 was employed here as an appropriate reference of an ARB in terms of j max obtained during CA 138 experiments, analysis of its ET mechanism with cyclic voltammetry (CV) and biofilm 139 examination with the use of confocal laser scanning microscopy (CLSM) under similar 140 experimental conditions; i.e.: identical half-cell architecture and components, temperature, pH 141 and applied potential. 142
Under our experimental conditions, Gb. sulfurreducens was able to produce a higher j max 143 (11.60 ± 2.21 A/m 2 ) than the one obtained with Glk. subterraneus (see Table S1 and Fig. S1 ). 144
Gb. sulfurreducens biofilms obtained here produced results which corroborate previous -6 -findings obtained by others with this model bacterium 12, 28, 29, 51, 61 . This confirms that: 1) our 146 experimental methods are well standardized procedures comparable to the ones reported in 147 the current literature and that 2) Gb. sulfurreducens is the ARB producing the highest current 148 densities in a fresh water environment. In addition, a plausible reason why Gb. sulfurreducens 149 biofilms outperformed Glk. subterraneus in terms of j max is related to the diversified ET 150 mechanism found in Gb. sulfurreducens. This is illustrated by the presence of several redox 151 couples in CV and higher biofilm electrode coverage as per CLSM (see below). 152
Turnover CV analysis of Geoalkalibacter subterraneus in the presence of substrate 153
To analyze the extracellular electron transfer mechanism occurring in Glk. subterraneus, CV 154 was performed during three different conditions as described in the Experimental section. 155
Representative CVs for both conditions are shown in Fig. 2 (turnover) and Fig. 3 (non-156 turnover). As proof that the turnover and non-turnover CV signals are due to a biofilm formed 157 at the electrode surface, a control CV of the bare surface electrode immersed in growth 158 medium is included for comparison (dotted line in Fig. 2A and in Fig. 3A Badalamenti et al. 30 . However, the existing differences are very likely due to 167 experimental procedures. When calculating the respective first derivative of the turnover CV 168 of Glk. subterraneus, under our experimental turnover conditions, two different inflection 169 points are revealed (Fig. 2B) . A first inflection point with a formal potential (E f,1 ) at -446.5 ± 170
1.2 and a second clearly prominent inflection point E f,3 at -364.8 ± 4.5 mV (vs. SCE), a 171 potential commonly ascribed to DET-proteins (see Fig S2) . Likewise, multiple inflection 172 points in the first derivative (here defined as E f,1 ) have been reported elsewhere for other 173 electroactive bacteria such as Gb. sulfurreducens 27, 51, 55, 61 and T. ferriacetica 41 . Nevertheless, 174 it is not completely clear how these non prominent "additional" inflection points (such as E f,1 ) 175 are involved in the overall ET mechanism 51 . 176 When examining the turnover CV signal, it is clear that the CV shape shown here resembled 181 the one seen for bacteria capable of performing a DET mechanism via outer membrane 182 cytochromes (OMCs). Nevertheless, there is still no conclusive evidence whether OMCs are 183 responsible for a DET mechanism in the electroactive biofilms of Glk. subterraneus. 184
Moreover, the prominent inflection point potentials found here were very similar to the 185 potential found for DET (see Fig. S2 ). As shown in Fig. S2 , bacteria able to perform a DET 186 mechanism presented an inflection point in a very broad potential window that ranged from -8 -500 to -300 mV vs. SCE. However these differences could be attributed to the particular 188 growth conditions (e.g., pH, temperature, substrate, salt concentration, among others). 189
Turnover CV comparison of Geoalkalibacter subterraneus and Geobacter 190 sulfurreducens biofilms 191
Further evidence of a DET mechanism performed by Glk. subterraneus was provided by a 192 comparative analysis conducted while performing electrochemical experiments to grow 193 electroactive biofilms of Gb. sulfurreducens (see Fig. S1 ). Fig. S3 shows an exemplary 194 turnover CV of a Glk. subterraneus biofilm compared to a turnover CV of a Gb. of two redox couples with formal potentials E f,2 and E f,4 at -427.6 ± 0.5 and -165.5 ± 2.6 mV 226 vs. SCE, respectively. The value of E f,2 was close to both formal potentials derived from first 227 derivatives of CV under turnover conditions (see Fig. 2 ). This could indicate that the redox 228 couple detected at E f,2 was responsible for the bioelectrocatalytic electron transfer. -10 -Nevertheless, the lack of an electrochemical characterization of the OMCs of Glk. 230 subterraneus prohibits an a priori assignment of E f,2 to a certain type of protein (or multiple 231 proteins) responsible for the suggested DET mechanism. 232
Non-turnover CV comparison of Geoalkalibacter subterraneus and Geobacter 233 sulfurreducens biofilms 234
Further data supporting a putative DET by Glk. subterraneus comes from the comparison of 235 its non-turnover CV with the one obtained with Gb. sulfurreducens biofilms. Although non-236 turnover CVs of Glk. subterraneus (with two redox systems) and Gb. sulfurreducens (with 237 four redox couples previously observed 27, 51 ) differed significantly (see Fig. S4 ), the value of 238
Glk. subterraneus's formal potential E f,2 was close to Gb. sulfurreducens's E f,Gb2 . This 239 suggests a common DET mechanism in both bacteria. Based on this experimental data and on 240 previous studies of Gb. sulfurreducens that propose a DET via OMCs 63 , we suggest to ascribe 241 the formal potential E f,2 found here for Glk. subterraneus to a DET very likely via an OMC. 242
Future research should therefore concentrate on the investigation of the OMC (or OMCs) 243 involved in the DET mechanism of Glk. subterraneus. 244
The proper assignation of E f,4 to a respective ET mechanism (Fig. 3B) was not a 245 straightforward task. Some authors previously suggested a possible explanation based on the 246 CV observed for Gb. sulfurreducens biofilms 27, 51 . Here we propose to extrapolate such 247 explanation derived from the comparison of Fig. 2B and 3B to our results. From these figures 248 one can see that E f,1 , E f,2 and E f,3 share a very similar value. Therefore, it can be hypothesized 249 that these redox processes contributed to the bioelectrocatalytic anodic electron transfer. On 250 the other hand, since E f,4 does not have a formal potential match in turnover conditions, it 251 appears to have no contribution in the overall ET mechanism. 252
Imaging of Geoalkalibacter subterraneus biofilm surface coverage and thickness 253 using confocal laser scanning microscopy 254
In order to study how Glk. subterraneus (and Gb. sulfurreducens for comparison) attached to 255 the electrode surface, confocal laser scanning microscopy (CLSM) was used to conduct a 256 qualitative (with LAS AF and Volocity ® ) description and a quantitative (with PHLIP) biofilm 257 analysis as described in the Experimental section. In this course, it has to be noticed that this 258 is the first CLSM description of Glk. subterraneus electroactive biofilms. CLSM was used 259 first of all, for its advantage over Scanning electron microscopy for quantitatively analyzing 260 in depth the layers across the biofilm and hence, allowing the calculation of surface coverage 261 and thickness 64 . Second, CLSM allows a live biofilm to be imaged by avoiding a harsh drying 262 -11 -procedure that could change its morphology. In our experiments the biofilms were stained 263 with a LIVE/DEAD® kit. Bacterial cells embed in biofilms stained green which could 264 indicate that most of the cells were still metabolically active at the moment of the CLSM 265 analysis 17 . However, since this is the first work reporting the use of this kit with biofilms of 266
Glk. subterraneus, the successful staining of dead cells of this bacterium should be still 267 experimentally tested. The maximum intensity projection of a Glk. subterraneus biofilm is 268 shown in Fig. 4A . This picture confirms a very uniform coverage of the electrode surface as 269 previously observed by visual inspection of a reddish biofilm (see Fig. S5 ). Additionally, 270 when analyzing the different slices that compose the maximum intensity projection, it is clear 271 that the biofilm was constituted of a stack of several biofilm monolayers (see Fig. S6) . From 272 the different orthogonal cross sections made throughout the biofilm, it seems that the biofilm 273 is about 30 µm thick (Fig. 4B) . However, this idea was later discarded by PHLIP quantitative 274 analysis which showed a biofilm with a thickness value of 76 ± 7 µm as described in the 275 following section. Further 3D reconstruction with Volocity ® revealed a very peculiar biofilm 276 structure (see Fig. S7 ) composed of an undulating structure distributed across the analyzed 277 electrode surface sample probably caused by biofilm overgrown which matches previous 278 observations in Gb. sulfurreducens biofilms 17, 51 . 279
CLSM comparison of Geoalkalibacter subterraneus and Geobacter sulfurreducens 280 biofilms 281
The comparison of Glk. subterraneus and Gb. sulfurreducens CLSM pictures is shown in Fig.  282 S8 and in Table S3 . It was observed that Glk. subterraneus produced a lower current density 283 (4.68 ± 0.54 A/m 2 ) when it formed a thicker biofilm (76 ± 7 μm) than Gb. sulfurreducens. 284 Nevertheless, the average electrode coverage value of Gb. sulfurreducens (31 ± 16 %) is 285 higher than the one of Glk. subterraneus (23 ± 7 %) and therefore indicating that these 286 differences in biofilm architecture contribute to explain the higher current density by Gb. 287 sulfurreducens. A similar trend was recently reported by Richter et al. 65 . They studied Gb. 288 sulfurreducens wild-type and the mutant pilA4, a strain expressing only the short isoform of 289 the PilA preprotein that composes the type IV pili of Gb. sulfurreducens, a protein essential 290 for DET. Therefore, diminishing the ability of the mutant to effectively transfer electrons to 291 insoluble Fe(III) oxides and graphite anodes. Whereas the wild-type of Gb. sulfurreducens 292 produced a higher current density, it showed a thinner biofilm but higher electrode coverage 293 value than the mutant. 294 -12 -One issue that emerges from the thickness observed in Glk. subterraneus is that the value is 295 very high for the values normally reported in the literature for pure culture electroactive 296 bacteria [14] [15] [16] [17] [18] . Thus, to be the first CLSM description of this strain, it is advisable and 297 To support that the biofilm formation was due to the electrons harvested from the substrate 307 oxidation followed by a later release to the electrode surface by the electroactive biofilm, 308 CLSM images were compared to a non-electrochemical negative control. This control was an 309 electrode placed in the same electrochemical cell of a Glk. subterraneus electrochemical 310 experiment but not potentiostatically controlled (i.e., the electrode was immersed in the same 311 growth medium during the electrochemical biofilm growth). The result of such CLSM 312 observations is shown in Fig. S8 and Table S3 . When comparing CLSM pictures in Fig. S8,  313 the difference between both maximum intensity projections and orthogonal cross sections is 314 very clear. While for the potentiostatically controlled electrode there was an evident thick 315 biofilm formed of metabolically active bacteria, for the negative control no significant 316 coverage of the electrode surface and biofilm formation was observed (see Table S3 ). These 317 findings are consistent with the observations made by Malvankar et al. (2011) 66 . They utilized 318 in a similar way a non-connected electrode as negative control electrode. The values of 319 electrode coverage and thickness calculated here for the negative control electrode suggest 320 that the bacterial cells stained with the LIVE/DEAD kit corresponded to a heterogenous 321 deposition of bacterial cells likely de-attached from the potentiostatically controlled electrode 322 in which Glk. subterraneus was forming an electroactive biofilm (Fig. S8) . 323
These CLSM findings are well in line with previous studies of ARB able to produce high 324 currents and thick biofilms such as Geobacter sulfurreducens 15, 17, 29, 51, 66 and Thermincola 325 
Conclusions 331
The present study on the characterization of Geoalkalibacter subterraneus is summarized in 332 Fig. 5 and indicates the following findings: CA exhibited the highest current density (4.68 ± 333 0.54 A/m 2 ) produced on a planar electrode for a pure culture of an ARB under saline 334 conditions (3.5% NaCl). CV under turnover and non-turnover conditions made evident the 335 appearance of two different redox couples for each condition. When comparing their formal 336 potentials, two of them had a very close value (E f,2 and E f,3 ) indicating that the molecule (or 337 molecules) responsible for the ET mechanism might fall between the potential window 338
delimited by E f,2 and E f,3 . CLSM confirmed a biofilm composed of several layers of 339 metabolically active bacteria that spread all over the electrode material with a thick biofilm up 340 to 76 ± 7 μm height but a low electrode coverage of only 23 ± 7 %. From these findings, it is 341 then proposed that Geoalkalibacter subterraneus performs a DET mechanism in contact with 342 the electrode material. Nevertheless, to firmly determine the molecule responsible for the ET 343 mechanism future work will be performed by employing Surface Enhanced Resonance 344
Raman Spectroscopy, a technique successfully used to detect selectively cellular membrane 345 redox proteins in proximity of the electrode surface 63, 67, 68 .
Comment conditions. All incubations were performed at 37°C. 367
Metabolite and biogas analysis 368
Acetate consumption was determined by liquid injection into a gas chromatograph (GC 8000, 369
Fisons Instruments) according to Aceves-Lara et al., 2008 73 . Biogas composition (CH 4 , CO 2 , 370 H 2 and N 2 ) was determined using a gas chromatograph (Clarus 580, Perkin Elmer) coupled to 371 Thermal Catharometric detection, as described elsewhere 74 . 372
Cell cultures and media 373
Geoalkalibacter subterraneus strain Red1 was purchased from DSMZ (DSM No.: 23483, 374 German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany experiments inoculated with Glk. subterraneus led to similar performance (see Fig.S1 and 394 -18 -Inoculation of bacterial cells was carried out as previously described 19 . Concisely, 50 mL of 424 media in the early stationary phase (i.e., OD 620 approx. 0.3-0.4) were anoxically sampled 71, 72 425 and centrifuged at 3000 rpm for 10 min. The pellet was re-suspended in 10 mL of the 426 respective media for electrochemical experiments and injected in the electrochemical cell (see 427 Fig. S9) . 428
Cyclic voltammetry (CV) for an insight into the electron transfer (ET) mechanism 429
Different types of CVs were recorded during experiments according to Refs. 19, 27, 78 (see Fig.  430 1). Control CV of the bare graphite electrode immersed in growth media before starting CA 431 and inoculating the half-cell (dotted line in Fig. 2A) , turnover CV of a Glk. subterraneus 432 biofilm, i.e. at bioelectrocatalytic substrate consumption (continuous line in Fig. 2A) 
